Flexible steerable needles can follow complex curved paths inside the human body. In a previous work, we developed a multiple-part steerable needle prototype with a diameter of 1.2 mm, inspired by the ovipositor of parasitoid wasps. The needle consisted of seven nickel-titanium longitudinally aligned wires held together at the tip by a cylindrical ring with seven holes. The steerability of the needle was evaluated in a gelatin phantom and was found to be lower than that of other steerable needles in the literature. One possible cause of this limited steerability is that during motion the wires tend to separate from each other (i.e., bifurcate). Our aim here was to reduce bifurcation in order to increase the steering curvature of the needle, while keeping the diameter around 1.5 mm, and thus compatible with needles used in medical practice. To achieve that, we changed the shape of the ring from cylindrical to conical. We evaluated the steering performance in gelatin, using the conical ring in two configurations: (1) with the apex of the cone towards the needle tip, so that the wires converge, thus expected to reduce bifurcation, (2) with the apex of the cone placed towards the needle base, so that the wires diverge, thus expected to magnify bifurcation. Results showed that the diverging ring generated larger steering curvatures. We can conclude that reducing the bifurcation of the wires is not enough for increasing the steering curvature and that inducing this same phenomenon instead could actually lead to higher curvatures.
diameter lowers the second moment of inertia, resulting in lower bending resistance, thereby increasing the steering curvature. 5 Asymmetry at the needle tip can be induced with a bevel-tip, a pre-bent segment, or a combination of both. 6 The smaller the bevel angle, the higher the curvature. Simulations by Konh et al. 7 indicated that a decrease of the bevel angle from 60° to 20° corresponds to an increase in needle deflection from 7.3 mm to 25.5 mm for an insertion depth of 150 mm and a needle diameter of 0.64 mm. It has further been shown that the effect of the bevel angle on the steering curvature decreases for small bevel angles, with differences in deflection being barely noticeable between needles (Ø1.27 mm) with a bevel angle of 30° and 10°. 8 Asymmetry at the needle tip can be also induced by bending the tip. The bend can be permanent and activated by tissue interaction, or temporary and activated by cables 9 or other means. 10 Increasing the tip angle of a pre-bent needle also increases the steering curvature. 11 Moreover, adding a bend to a conical 3 or beveltip needle 12 increases the steering curvature compared to a needle without a bend. Pre-bending bevel-tip needles can considerably improve the steering curvature, with minimum radii of curvature of 16.45 cm versus 5.62 cm reported for bevel-tip versus pre-bent bevel-tip needles, respectively. 6 Another way of lowering the bending resistance of the needle is by carving one or more sets of notches on the needle shaft. In Khadem et al., 13 adding four sets of notches to a 18G standard needle increased deflection from 25 mm to 33 mm. The steering curvature further depends on the needle material. With stiffness approximately 1/3 of that of standard stainless steel, Nitinol, for example, has been used in needles to increase the steering curvature. 14 Table 1 presents an overview of the minimum radius of curvature and/or maximum needle tip deflection-to-insertion ratio for various needle designs reported in the literature.
Aim
In previous work, 15 we developed a multiple-part needle prototype inspired by the ovipositor of parasitoid wasps and evaluated its steerability in a gelatin phantom. The needle consists of seven Nitinol wires, each with a diameter of 0.25 mm and a length of 160 mm. Six of the wires are arranged circularly around the seventh wire. An interlocking ring (aluminum, Ø1.2 mm, 2.0 mm long) with seven holes (Ø0.3 mm) keeps the wires together at the tip of the needle. The total diameter of the needle is 1.2 mm at the tip (i.e., equal to the diameter of the ring) and 0.75 mm along the body. The needle is able to advance through a gelatin phantom with zero external push force and to follow a curved path. Specifically, by actuating one or two wires simultaneously, the needle can advance forward within the substrate, as the remaining four or five stationary wires generate sufficient friction force to compensate for the friction and cutting force of the advancing wires. Steering is achieved by creating an offset between adjacent wires, a configuration which we call a 'discrete bevel-tip', and by moving each pair of offset adjacent wires over a pre-defined distance (stroke). Depending on the actuation sequence of the wires, the needle steers to the left or to the right.
We tested several combinations of offset (i.e., 3.6 mm, 1.8 mm, and 0.9 mm) and stroke (i.e., 2 mm, 4 mm, and 6 mm) and found a maximum steering curvature of 0.018 1/cm (average across 5 trials), achieved with an offset of 3.6 mm and a stroke of 2 mm, and a maximum deflection-to-insertion ratio of 0.078 (average across 5 trials), achieved with an offset of 3.6 mm and a stroke of 6 mm. These values are lower than values reported for other needle designs (see Table 1 ). One possible cause of this limited steerability is that during motion the wires tend to separate from each other (i.e., bifurcate), because of which the discrete bevel loses its definition and the steering motion becomes compromised.
The aim of the present work was to reduce the bifurcation of the wires in order to increase the steering curvature of the needle, while keeping the final diameter smaller than 2 mm, and thus compatible with the diameter of the needles used, for example, in core needle biopsy (14-19G) 16 and brachytherapy (17-18G). 17 We first present the conceptual design of the needle prototype and the steering method used, followed by an experimental evaluation of the steering performance of the needle.
NEEDLE DESIGN

Conceptual design for reducing wire bifurcation
One possible origin of the bifurcation of the wires observed in the previous prototype is the tolerance between the holes of the interlocking ring and the wires (0.025 mm). This space could cause the wires to exhibit play while they move through the holes and to bend towards a direction different from the steering direction. A possible solution could be to increase the length of the interlocking ring, which would limit the bending angle of the wires inside the holes. Accordingly, we increased the length of the interlocking ring of the prototype from 2 mm to 5 mm. Bifurcation could be further reduced by guiding the wires towards the central wire. To achieve that, we changed the shape of the interlocking ring from cylindrical to conical. By creating an angle with respect to the longitudinal axis of the needle, the wires would mimic a pre-bent needle, converging towards the central wire. This ring will be henceforth referred to as 'converging ring' (Figure 1 ). The angle β of the conical ring with respect to the longitudinal axis of the ring can be defined as a function of the minimum and maximum diameter 1 d and 2 d of the ring and its length l: d are the minimum and maximum diameters, respectively, l is the length of the ring, and β is the angle with respect to the longitudinal axis of the ring.
Assuming l = 5 mm, 1 d = 1.2 mm, and β = 2°, it can be derived from Eq. (1) that = 1.55 mm. The total diameter of the prototype coincides with the ring diameter, which is 1.55 mm (i.e., lower than 2 mm).
To test our hypothesis that the bifurcation of the wires was the main cause of limited steering in our previous prototype, we also created a ring that intentionally induces bifurcation of the wires and observed the effect of such a ring on the steering curvature. This ring is identical to the converging ring described above, but with its apex placed towards the base of the needle, so that the wires are moved away from the central wire, therefore magnifying the bifurcation ( Figure  2 ). This ring will be henceforth referred to as 'diverging ring'. 
Needle prototype
The needle prototype consists of a needle body and an actuation unit. The needle body consists of seven longitudinally aligned wires of Nitinol (straight annealed, activation temperature 20°C), each wire with a diameter of 0.25 mm and a length of 250 mm. The wires are held together at the needle tip by the converging/diverging ring described in Section 2. 
Steering motion
We expect that the steering curvature is higher when using the converging ring as compared to the diverging ring, because in the former case the wires have the tendency to move towards the center, thereby averting bifurcation, whereas
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In order to lay a curved path, first an offset (O) is created by moving two pairs of adjacent wire forward, one at the time, while the third pair remains stationary. Then, each of the three pairs is moved forward, one at the time, over a predefined distance called stroke (S). Because of the asymmetry created at the tip by the offset and stroke, the needle deflects. Finally, all six wires are moved backwards, causing the interlocking mechanism that is glued to the central wire to advance within the substrate. By repeating these steps, the needle follows a curved path inside the substrate. 
MATERIALS AND METHODS
The steerability of the two variations of the prototype (i.e., with the converging and the diverging ring) was experimentally evaluated in a gelatin phantom.
Experimental setup
The experimental setup consisted of an actuation unit mounted on an aluminum platform and data acquisition systems. The base plate of the platform (ca. 405 x 101 mm) had a duct to guide a lightweight aluminum cross-shaped cart (dimensions: 210 x 100 mm, mass = 39 g) mounted to four wheels in order to move along a straight path with low friction. The cart was used to carry a gelatin phantom, in which the needle was inserted ( Figure 5 ). To align the needle along its length, we added two rings with an asymmetric cross-section (aluminum, Ø 3.0 mm, 2.0 mm long) to the body of the needle and fixed them to the cart. The alignment rings had seven holes through which the wires could freely slide. A camera (Nikon D610 with AF-S NIKKOR 24-70 mm) was positioned above the cart to take a photo of the initial insertion and final position of the needle during the trials.
The gelatin phantoms were prepared by mixing hot tap water (ca. 70°C) and gelatin powder (Dr. Oetker Professional, The Netherlands). The solution was poured into containers (ca. 230 x 150 x 60 mm) and stored overnight at 5°C. Before each trial, a gelatin block of 48 x 165 x 30 mm (width x length x height, 200.0 ± 0.2 g) was cut and placed on the cart. The gelatin phantoms had a concentration of 5% weight (wt) powder in water, corresponding to a stiffness of 4.6 kPa, which was measured using an universal testing machine (Zwick/Roell Z005, Germany). This value roughly corresponds to the stiffness of brain tissue (0.5-6.0 kPa) 29 . For all experimental trials, we selected a constant forward speed of 1 mm/s and a theoretical travel distance equal to 120 mm. 
Experimental design
Hypotheses: Three hypotheses were formulated: a) The higher the offset of the wires, the higher the curvature achieved (i.e., lower radius of curvature), as the asymmetry at the tip increases, causing the needle to bend more. b) The higher the stroke, the higher the curvature achieved (i.e., lower radius of curvature), as the asymmetry at the tip increases, causing the needle to bend more. c) The converging ring reduces the bifurcation of the wires, resulting in higher curvatures than the diverging ring.
Dependent and independent variables:
The dependent variable was the deflection-to-insertion ratio of the needle. The independent variables were the initial offset (O) of the wires, the stroke (S), the steering direction, and the type of ring. The offset was varied between 2.0, 4.0, and 6.0 mm. The stroke was varied between 4.0 and 6.0 mm. Two steering directions, left and right, were tested, and two interlocking rings, converging and diverging. Table 2 shows the eight experimental conditions tested for each interlocking ring. Experimental procedure: All eight conditions were repeated eight times in a randomized order, first with the converging ring and then with diverging ring. With the help of the actuation unit, the needle was inserted inside the gelatin to a starting position of approximately 35 mm when using the converging ring, and of 45 mm when using the diverging ring; the initial insertion depth was smaller for the converging ring because this ring had a lower drag than the diverging ring.
Once the needle was in place, the chosen settings for steering (i.e., O, S, and direction) were uploaded in Arduino and used for the actuation of the wires. At the end of each trial a photo of the final position was taken, the gelatin was removed from the cart, and the wires were cleaned with oil and water. Measurements that were not successful due to, for example, a failure of the motors, were repeated following a randomized order.
Data analysis:
The photographs of the final position of the needle inside the gelatin were cropped to exclude the initial insertion of 35 mm and 45 mm for the converging and the diverging ring, respectively. Then, the MATLAB image processing toolbox was used to convert the photographs into binary images, after which the needle shape and centerline were extracted. Next, the initial and end points were extracted and used to calculate the deflection d of the needle from a straight path and the insertion depth i (Figure 6 ). The deflection-to-insertion ratio d/i was then calculated as a measure of needle curvature. 
RESULTS
Converging ring
The measurements for the converging interlocking ring were initially completed successfully 61 out of 64 times. The three failed measurements were caused by motors not actuating the wires correctly and were repeated. The needle steered to a direction opposite to the one expected two times in Condition 6 and two times in Condition 8; these four measurements were excluded from the analysis. Another three measurements (one measurement for each of Conditions 4, 5, and 6) were excluded, because the needle touched the bottom of the cart. The results are summarized in Table 3 and Figure 7 . The highest mean deflection-to-insertion depth ratio was 0.069, achieved for Condition 4 (i.e., offset 6 mm, stroke 6 mm, and direction left), with a standard deviation of 0.027. Among the conditions with high deflection-toinsertion ratio (i.e., > 0.050), Condition 1 showed the lowest variability (i.e., standard deviation of 0.019).
Diverging ring
The measurements for the diverging ring were initially completed successfully 55 out of 64 times. The nine failed measurements were caused by motors not actuating the wires correctly and were repeated. The needle steered in a direction opposite to the one expected in one measurement for Condition 2 and in one measurement for Condition 4; these measurements were excluded from the analysis. The results are summarized in Table 3 and Figure 7 . Condition 7 exhibited the highest mean deflection-to-insertion ratio: 0.097, with standard deviation of 0.033. Steering to the right led to higher deflection-to-insertion ratios than steering to the left. Table 3 : Results for steering with the converging ring and the diverging ring
Condition
Converging ring Diverging ring
Sample size Deflection-to-insertion ratio (mean ± standard deviation) Sample size Deflection-to-insertion ratio (mean ± standard deviation) For the same steering direction (left or right), no significant differences in the deflection-to-insertion ratio were found between any of the offset or stroke conditions for either interlocking mechanism. For the converging ring, steering to the left resulted in a significantly higher deflection-to-insertion ratio than steering to the right for Conditions 3 (MannWhitney U = 7, p = 0.007, r = 0.65) and 4 (U = 7, p = 0.026, r = 0.60). For the diverging ring, steering to the right resulted in a significantly higher deflection-to-insertion ratio than steering to the left for Conditions 6 (U = 9, p = 0.029, r = 0.57) and 7 (U = 9, p = 0.015, r = 0.60). The diverging ring led to significantly larger curvatures than the converging ring in Conditions 5 (U = 1, p = 0.001, r = 0.80), 6 (U= 3, p = 0.011, r = 0.69), and 7 (U = 0, p = 0.00016, r = 0.84). . Deflection-to-insertion ratio when using the converging ring and diverging ring. The asterisk represents the mean value and the error bars represent the standard deviation.
DISCUSSION
In this study we have presented a prototype of an ovipositor-inspired needle composed of seven Nitinol wires kept together at the needle tip with a conical interlocking ring. Our goal was to prevent the bifurcation of the wires, a phenomenon observed in a previous version of the prototype, 15 and consequently to increase the steering curvature. The conical ring was used in two different configurations: (1) as a 'converging ring', where the wires tend to move toward the center, (2) as a 'diverging ring', where the wires tend to move away from the center. The performance of the needle with both rings has been investigated in a 5%wt gelatin phantom.
In a previous version of the prototype 15 we were creating first an asymmetry between two wires and then reinforcing it by advancing two other wires with the same offset. In the current prototype the offset is created between four wires (i.e., two pairs) and the other two wires (i.e., one pair). The goal of the asymmetry in the first prototype was to create a 'discrete bevel tip' which would then make the needle curve in the direction of the bevel. In the current prototype, we use the offset and the stroke to create an asymmetry that mimics a pre-bent tip. Using a pre-bent tip allows for higher curvatures than a normal bevel-tip needle (see Section 1.1).
The results showed that for three out of the eight tested conditions (Conditions 5, 6, and 7), the diverging ring led to statistically higher steering curvatures than the converging ring, which is against our hypothesis. A possible reason why the converging ring led to lower steering curvatures than the diverging ring is the interaction between the wires, which is present when using the converging ring and not with the diverging ring. Specifically, during the actuation sequence, some of the wires are protruding because of the offset created between them (see Figure 4c) . When the wires are moved over a distance equal to the stroke, the pair of wires that lies behind pushes the protruded wires towards the opposite direction, reducing the final curvature. Another possible explanation for the unexpected steering performance of the diverging ring is the following: with the converging ring, the wires are directed first outwards when entering the holes, and then inwards when exiting the holes, as the diameter of the ring decreases over the ring length (Figure 1a) . With the diverging ring, on the other hand, the wires are directed only outwards. In other words, in the converging ring the wires are bent twice, whereas in the diverging ring, they are bent only once. This might have affected their local stiffness, which could explain why the steering curvatures obtained with the converging ring were smaller than the curvatures obtained with the diverging ring.
In the previous prototype, the steering direction was opposite to the expected one (i.e., needle steering to the left while it was expected to steer to the right and vice versa) in 8 out of 50 trials (16%), whereas in the current prototype, this phenomenon was observed in 6 out of 128 trials (4.69%; 2 of which with the diverging ring). The reduced incidences of 'wrong' steering could be explained by the fact that, whereas the tolerance of the interlocking ring in the previous prototype made the wires occasionally follow random directions, in the current prototype the motion of the wires was better controllable and therefore the final direction was more predictable.
The highest mean value (0.097, Condition 7) of deflection-to-insertion ratio obtained with the diverging ring is comparable to those reported by Ryu et al., 25 that is, 0.12 for a needle diameter of 1.67 mm. The ratio corresponds to deflections of around 10 mm over a distance of 90 mm. Such a needle can be used to compensate for motion of tissues and organs in the environment and/or the targets in brachytherapy. 2 The total length of the offset and stroke created between the wires can be seen as the length of a pre-bent segment. Adebar et al. 3 showed that an increase in the length of the bent-tip leads to higher curvatures. In our case the values of this length (i.e., offset + stroke) are 8, 10, and 12 mm (see Table 2 ). With the converging ring, the deflection-to-insertion ratio is indeed higher when the sum of the offset and stroke is higher (i.e., 6 + 6 = 12 mm); this difference is less visible for the diverging ring. The reason of this might be that with the diverging ring the wires need just a small offset to bend, and the effect of the additional stroke does not change the amount of steering; moreover, the wires in the case of the diverging ring are already pre-directed towards a certain direction (i.e., controllably bifurcated), and since there is no interaction between the wires, the offset might not be contributing to steering.
One limitation of this work was that the transmissions of individual wires occasionally jammed and the motors got stuck. A different design of the housing of the motors could solve this problem. For example, a larger actuation unit could be used, where the motors with their relative spindles are not constrained, so that they do not get stuck against the wall of the case. Second, we observed that the deflection-to-insertion ratio differed between the two steering direction, left and right. Specifically, the needle steered more to the right than to the left in the case of the diverging ring, and vice versa in the case of the converging ring. This could have been caused by a bias in the wires or by an axial rotation of the ring, making the wires twist, thereby affecting their movement and bending curvature. Third, during our tests we have assumed that the needle deflection occurs only in the steering plane. However, during the experiments we observed that the needle also tended to deflect downwards. This phenomenon is likely to have been caused by the weight of the interlocking ring. Jahya et al. 30 also reported such an 'out of plane' deflection and showed that this phenomenon increases with the degree of bevel angle. Fourth, real-time control of the motors actuation was not possible, since the settings were chosen and loaded every time before the start of each test. A continuous instead of stepwise motion would be preferred, in order to limit any effects of the inertia of the gelatin cart on the motion of the needle.
In future work, the steering curvature of the ovipositor-inspired needle can be increased by decreasing the diameter of the needle. 5 This can be done by using fewer wires and/or wires with a smaller diameter. The wires can also be treated, in order to create a fixed asymmetry at the tip; for example, heat treatment can be used to curve the distal end. 31 A flexible or compliant structure to keep the wires together instead of a rigid interlocking ring could also assist in increasing steerability. Finally, the needle should be tested in substrates with different degrees of stiffness and heterogeneity.
CONCLUSION
This paper presents a design solution to increase the steering curvature of a wasp ovipositor-inspired needle with a diameter of 1.55 mm. We showed that the needle can steer through a 5%wt gelatin phantom by generating an asymmetry at the tip and two configurations of a conical interlocking mechanism (converging and diverging) that mimics a pre-bent needle. The highest mean deflection-to-insertion ratio achieved was 0.097 (standard deviation of 0.033), which is higher than the corresponding ratio of 0.078 achieved by a previous version of the prototype with a straight interlocking ring. This higher ratio was achieved, however, when using the diverging rather than the converging conical ring, which runs opposite to our hypothesis. We can conclude that reducing the bifurcation of the wires is not enough for increasing the steering curvature and that inducing this same phenomenon instead could lead to higher curvatures.
